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−37 e · cm in bulk materials, or the coupling of axion-like particles (ALP) to photons down to |Gaγγ| < 10 −16 GeV −1 , is described. Best limits are d n e < 3 · 10 −26 e · cm for neutron EDM and |Gaγγ| < 6.6 · 10 −11 GeV −1 . The dipole amplifier is built from a superconducting loop immersed in a toroidal magnetic field, B. When nuclear magnetic moments in the London penetration depth align with B, the bulk magnetization is always accompanied by an EDM-induced bulk electric field E ∝ B that generates detectable oscillatory supercurrents with a characteristic frequency ωD ∝ d N e . Cold dark matter (CDM) ALP are formally similar where ωD ∝ |Gaγγ| na/(2ma) with ma the ALP mass and na its number density. A space probe traversing a dark matter hair with a dipole amplifier is sensitive enough to detect ALP density variations if |Gaγγ| n h /(2ma) > 4.9 · 10 −27 where n h is the ALP number density in the hair. Experimental searches for the axion and the neutron EDM have been ongoing for decades, motivated by what they could reveal about physics beyond the standard model [1, 2] . Indeed, the axion is a particle thought to have been created when the universe was as young as 10 −29 s; it was originally proposed to explain the strong CP problem, by which the neutron EDM appears to be infinitesimal despite the CP-violating terms in the QCD Lagrangian. Its link to QCD and its appearance early in the universe made the axion a popular CDM candidate.
Consider an effective Lagrangian for CDM ALP, an external electromagnetic field, and an atom in a bulk material that includes P-odd/T-odd (P /T /) interactions
where L K.E. contains the kinetic energy terms, V ES is the atomic electrostatic potential energy, V N e has P /T / nucleon-electron interactions, V N N represents the nuclear potential energy including P /T / N N interactions, a i is an ALP field, G i aγγ is an ALP coupling constant to photons, d p e is the electric dipole moment of field p = e,p,n, ψ p is the wave function of the field p, and µ p its magnetic moment; the sums over i and p are implicit. A µ is the photon field, J µ free represents the free current density,F µν = αβµν F αβ is the dual electromagnetic tensor, and the material's magnetization-polarization tensor (MPT) is given by
νµ with P the bulk electric polarization and M the bulk magnetization of the material.
The P /T / interactions manifest themselves differently depending on whether an atom is paramagnetic or diamagnetic. Following the arguments in Refs. [3] in the case of a diamagnetic atom like 199 Hg, and neglecting the electron EDM, the multipole expansion of V ES leads to a cancellation of the EDM terms in the brackets to leadingorder. The non-zero terms are higher multipoles such as the Schiff moments. The P /T / moments are ∝ µ s d where r atom is the atomic radius, r nuc is the nuclear charge radius and Z the atomic number; this is conservative since it doesn't account for potential octopole enhancements. Screening differences between vaporized atoms and solids are not considered. The bracketed P /T / contributions of the second line in Eq. (1) can be replaced by
where ψ is the nuclear wave function and µ N is the nuclear magnetic moment. Keeping only the ALP + P /T / + electromagnetic terms, Eq. (1) becomes
The Euler-Lagrange equations can now be applied to Eq. (3) to extract the Maxwell equations (ME)
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Below, we first solve the ME in an insulator immersed in a magnetic field with J µ free = 0, and show that although an electric field is generated, it is too faint to be measured easily. This is followed by the solutions of the ME in the dipole amplifier, found to be oscillatory with a frequency proportional to the nuclear EDM's. In the case of a generic ALP a, the frequency will be seen to be proportional to G aγγ , its coupling to photons, times the square root of the ALP number density n a divided by its mass m a . In the presence of a CDM ALP background, detection of dark matter hairs [4] (long, dense, filaments of CDM spreading outward from planets) using a dipole amplifier is shown to be feasible.
EDM: INSULATOR.
We begin by solving ME when J µ free = 0 to clarify the conditions under which an EDMinduced electric field can be detected in that case.
In a bulk material, a nuclear electric dipole moment will be either parallel or anti-parallel to its magnetic moment. If a powerful magnetic field B polarizes a substantial fraction of the nuclei in a material, the nuclear EDM is also amplified thanks to the appearance of a macroscopic electric field ∝ σ , the average magnetic polarization of the bulk material. Since, σ ∝ H, it follows that E ∝ H. Indeed, consider Eq. (6) for
The non-relativistic limit ofM
where χ N (T ) is the temperature-dependent nuclear magnetic susceptibility of the insulator, σ i N is the average nuclear magnetization, and H i is the corresponding magnetic field strength. Since the electric polarizability of insulators is generally small and proportional to the EDMinduced electric field, we can neglect the P contribution. The ME in the insulator are now
We can write down a solution to the ME from Eq. (11):
FIG. 1: Graph (a) shows a solenoid immersing an insulator in a magnetic field B. An electric field E is generated aligned with B. Graph (b) shows a cross-section of a dipole amplifier: a toroidal magnet immersing a superconducting loop in a magnetic field. A supercurrent aligned with the magnetic field is generated by the wire material's nuclear EDM, or a background ALP, within the penetration depth λL.
Assuming χ N (T ) to be spatially uniform in the insulator, the fields are seen to be static using ∇× E ∝ ∇× H = 0 in Eq. (10). Assuming that the EDM of the material stems entirely from the nucleus which acts like an ideal paramagnetic, we can rewrite
where x ≡ µ N B/(k B T ), σ N is the average nuclear magnetization direction, N is the number of nuclei per unit volume and I is the nuclear spin. To get a sense of the magnitude of that electric field, consider the case of 127 I with parameters given in Tab. I: |E| = 3.9 · 10
−28 e · cm. A solenoid coiled around an iodine wire (Fig. 1a) requires L = 2.5 · 10 4 m for a detection on a nanovoltmeter. For iodine, this may be too conservative because of its relatively large nuclear spin (and, perhaps, the atomic enhancements of the unpaired electron EDM [2] ), but the dipole amplifier described next is far more sensitive and the main topic of this letter.
EDM: DIPOLE AMPLIFIER. The dipole amplifier can easily measure a d N e ∼ 10 −31 e·cm. It is composed of a superconducting wire inside a toroidal magnet (Fig. 1b) . The physics behind the amplifier is intuitive: if a bulk material, with a nuclear magnetic moment, immersed in a magnetic field generates an electric field given by Eq. (13), immersing a superconducting loop in a toroidal magnetic field will generate a current, increasing with time, within the penetration depth of that superconducting loop. Measuring that current will therefore provide a direct measurement of the nuclear EDM of the superconducting material. Note that the magnetic field magnitude must be less than the critical field of the superconductor, B c . Nuclear EDM experiments in atoms like vaporized 199 Hg have a relatively low B c ∼ 4.1 · 10 −2 T. Since magnetic fields radially decay exponentially inside a superconducting wire, the weak field approximation of Eq. (14), Curie's law, will be used to solve ME
with the constraint µ N B k B T . In the case of 199 Hg with a µ N = 0.88µ N and | B| ∼ 10 −2 T, this corresponds to the weak constraint T 10 −5 K. The ME describing the dipole amplifier are the same as above except for a free current density, J ) where R w is the radius of the wire, ρ is the radial coordinate from the center of the wire,l is the wire direction,φ is the azimuthal direction and λ L is the London penetration depth. At time t = 0, we expect B l = 1 and B φ = 0. Neglecting the magnetization M B/µ 0 , the equations to solve and their solutions are 
for which the l-component of the current density
L ∝ n e the charge carrier density. Integrating Eq. (24) over ρ and φ to obtain the current magnitude j l , −37 e · cm can be measured in 5 minutes at T = 1 K. That exceptional sensitivity implies that superconducting materials with smaller µ s than 199 Hg can be used if the nuclear matrix elements are more easily calculable than the soft nucleus of 199 Hg.
AXION-LIKE PARTICLES.
Observational and laboratory constraints on the axion have typically relied on detecting or constraining on-shell photons generated by the Primakoff effect. As the amplifier relies on measuring a DC electric field induced by a background ALP field, the final photon 4-momentum does not generally satisfy q 2 = 0 expanding the final photon phase space by orders of magnitude: combined with the sensitivity of superconductors to infinitesimal electric fields, this explains why the dipole amplifier is so sensitive compared to other ap- FIG. 3: A plot of the CDM ALP parameter space explored by the dipole amplifier sensitive to j l ∼ 1 pA. The entire region above the yellow plane would be explored in 60 s which corresponds to all |Gaγγ| > 10 −16 GeV −1 for ma < 1 eV and na > 1 cm −3 , greater than the parameter space considered in Ref. [5] . The red line corresponds to the local CDM limit [5] nama = 0.45 GeV/cm 3 while the lower-bound from horizontal branch stars (|Gaγγ| < 6.6 · 10 −11 GeV −1 [6] ) is much larger.
proaches. For a CDM ALP background, ω D is given by
The a i are constrained by the covariant normalization condition a 
Consider an experiment that runs for 1 minute with a dipole amplifier sensitive to 1 pA currents, and a CDM ALP background composed of a generic species a. To suppress a signal from nuclear EDM, choose a diamagnetic superconducting material with a null nuclear spin like 208 Pb. Detecting a j l > 1 pA in 1 minute requires
For 208 Pb and Tab. I values, the sensitivity of the dipole amplifier is plotted in Fig. 3 where it is seen that within a minute, the entire parameter space |G aγγ | > 10 −16 GeV −1 for m a < 1 eV and n a > 1 cm −3 is explored. Some of that parameter space is already constrained by astrophysical sources such as limits stemming from horizontal branch stars (|G aγγ | < 6.6 · 10 −11 GeV −1 ) [6] and a local CDM density of n a m a = 0.45 GeV/cm 3 assuming all CDM to be ALP.
We will consider the case of relativistic ALP, and methods to disentangle their signal in a dipole amplifier from CDM ALP, in a future paper.
DENSE DARK MATTER HAIRS. The dipole amplifier could also be used to detect dark matter hairs [4] if CDM ALP are found to exist: assuming a probe passes through a 1 m wide hair in 10 −4 s, a detectable pA current spike could be detected as long as |G aγγ | n h (2m a ) > 4.9 · 10 −27
(29)
where n h is the hair ALP number density. As a reference point, consider typical values often used for axions [5] : if n a ∼ 10 13 /cm 3 , m a ∼ 10 −5 eV and G aγγ ∼ 10 −12 /GeV, |G aγγ | n a /(2m a ) = 6.2 · 10 −20 . As discussed in [4] , hairs are potential sources of unique data sets of the finegrained dark matter streams criss-crossing the solar system, including their velocity and density distributions. This data, unobtainable any other way, is highly relevant for structure formation and cosmology and would act as a constraint on simulations of halo formation [7] . In addition, hairs contain radial density tomographic data of the planets and moons from which they spread out, providing information that could be used to better understand planetary formation and the history of the solar system.
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